A relatively new class of linepipe steels with yield strength greater than 500 MPa created for thermomechanical processing at temperatures in excess of 1473 K (1200°C) has established a firm foothold in the market for modern, large diameter, and high-pressure gas transmission systems. The design concept for the steels takes advantage of the enhanced role which higher levels of niobium can play in very low carbon steels, during the plate manufacturing process. The transformation products observed after cooling have been interpreted in conflicting ways in the literature, using ambiguous terms which are not established rigorously. Revealing characterization experiments have therefore been conducted to establish that the principal transformation product grows by a displacive transformation mechanism, and that it is properly identified as bainite. The implications of this, on both the interpretation of microstructure and on the processing of the steel, are discussed.
I. INTRODUCTION
DURING recent years, we have witnessed the development and practical application of a novel approach to the production of a high-strength linepipe steel which can readily meet the mechanical property requirements of the ISO 3183 and API 5L specifications at yield strength levels well in excess of 520 MPa, and probably up to at least 620 MPa. This potentially covers the microalloyed steel grades from API X75 to X90. The development relies on the application of research performed decades ago, [1] with very low carbon steel (<0.05 wt pct) alloyed with increased levels of niobium. In this compositional regime, niobium plays a role beyond that conventionally associated with microalloying and austenite grain control. Indeed, it is possible with such compositions to process thermomechanically the steel at much higher than normal temperatures, given the ability of niobium to retard the recrystallization of austenite at elevated temperatures. [2] [3] [4] One advantage of this high-temperature processing is that mills that are not capable of supporting large rolling forces can be used to produce the steel. [2] An immediate stumbling block in establishing structure-property relationships for such steels is that the basis for describing their microstructures is rather weak. There are two approaches that can be adopted: a quantitative description in terms of stereological parameters, such as size, shape, uniformity etc., and the second involves classification by naming the constituents, an approach often used in microstructural atlases. [5] The quantitative approach is useful in establishing the structure-property relationships but is infrequently used because it requires considerable effort.
The idea of simply naming complex microstructures which have evolved during continuous cooling transformation is unsatisfactory because it fails to do anything other than establish a subjective means of communication. For example, the most frequently encountered terminology in describing the microstructure of linepipe steel is ''acicular ferrite,'' which was defined after Smith et al. [6] as ''a highly substructured, non-equiaxed ferrite that forms on continuous cooling by a mixed diffusion and shear mode of transformation that begins at a temperature slightly higher than the upper bainite transformation range.'' Examples of similar statements can be found in later publications. [7, 8] It is not clear what such statements actually mean since they are not usually backed by evidence. The term acicular ferrite in the context of weld metals has an entirely different meaning, where it represents plates of ferrite nucleated intragranularly within the austenite on nonmetallic inclusions, [9, 10] thereafter growing by the same atomic mechanism as the bainite transformation. [11, 12] Both these methods have the disadvantage that they do not complement directly either to a proper understanding of microstructural evolution that can be exploited in alloy design or in predicting what should happen-whether different processing routes are applied, or whether gradients of heat-affected zone structure should be expected following welding operations. Indeed, it may be wrong to refer to the linepipe structure by a single description such as acicular ferrite since the real case may involve the existence of a variety of phases evolving at different temperatures as the steel cools. The fundamental question is whether a new microstructural description is required, or can well-established phases such as bainite, pearlite, etc., account for all that is observed in the higher niobium linepipe alloy.
It is very difficult to decipher the atomic mechanisms of transformations in general; the amount of work necessary is illustrated by the accumulated knowledge listed in Table I , the knowledge which has taken many decades to gel into a systematic set. [13] The purpose of the current research was to undertake a detailed study of the transformation mechanisms in the high-Nb X80 steel with a view to similarly establishing the nature of the transformation products. Naturally, not all the aspects listed in Table I can be investigated in the short term, but the aim was to identify sufficient characteristics to help in distinguishing transformation products. Table I illustrates the phenomena which were intended to be analyzed in the current study for the steel of interest, as listed in the top half. Some sequential discussion of the criteria listed in the top part is relevant here to set the experiments that follow in context, although much more detail can be found elsewhere. [13] The structure is thermodynamically of first order (nucleation and growth) if the parent and product phases can be simultaneously observed. The actual shape must be characterized in partially transformed samples to avoid changes in morphology due to impingement between crystals originating from different regions. The invariant-plane strain (IPS) shape deformation can be characterized using changes in surface topology following transformation. The detection of such a shape deformation would then imply a lattice correspondence between the parent and product phases, a glissile transformation interface, an orientation with the Bain region, a high interfacial mobility at low temperatures, and an iron-to-substitutional solute ratio that is preserved during growth. The dislocation density, whether it is consistent with a reconstructive or displacive mechanism, follows from transmission microscope observations.
II. EXPERIMENTAL PROCEDURES
The pipe steel studied, which has a chemical composition listed in Table II , derives from a significant pioneering X80 project.
Heat treatments were performed using a THERMEC-MASTER thermomechanical simulator, using cylindrical samples of diameter 8 mm and height of 12 mm along the normal direction to the steel plate. Isothermal heat treatments were conducted by austenitizing the specimens at 1533 K (1260°C) for 1 minute, followed by quenching to different temperatures and holding for periods up to 1 hour, before gas-quenching to room temperature at 20 K s À1 . Note that the austenitization temperature corresponds to that utilized during plate processing.
Metallographic samples were ground using sand paper, polished with diamond paste, and then etched with 3 pct nital, followed by characterization using a Zeiss Axiotech optical and a JEOL 5800LV scanning electron microscope. Microhardness measurements were carried out on the etched surfaces using a Mitutoyo 
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Martensite a¢, lower bainite a lb , upper bainite a ub , acicular ferrite a a , Widmansta¨tten ferrite a w , allotriomorphic ferrite a, idiomorphic ferrite a i , pearlite P, substitutional solutes X. Consistency of a comment with the transformation concerned is indicated by =, inconsistency by " ; a bullet identifies the case where the comment is only sometimes consistent with the transformation. The term parent c implies the c grain from which the product phase grows. Adapted from. [14] microhardness tester with a load of 100 gf and dwell time of 10 seconds. Transmission electron microscopy (JOEL 200CX microscope) utilized thin films prepared by electropolishing with a solution of 15 pct perchloric acid and 85 pct ethanol at 20 V and 273 K (0°C). Surface displacements caused by the coordinated motion of atoms were studied by polishing samples to a 1-lm finish, followed by cleaning with ethanol during ultrasonic agitation. The sample was then austenitized at 1533 K (1260°C) for 1 minute, and cooled continuously to ambient temperature at~10 K s À1 in the thermomechanical simulator under vacuum. The resulting surface displacements were characterized using a Veeco Dimension 3100 atomic force microscope in tapping mode, with images acquired at 512 9 512 pixel resolution at a scan rate of 1 Hz.
III. RESULTS AND DISCUSSION
The time-temperature-transformation (TTT) diagram of the X80 steel, shown in Figure 1 , was constructed by isothermal transformations for 1 hour in the temperature range from 823 K to 1023 K (550°C to 750°C). The C-curves represent absolute volume fraction (vol pct) of the transformations using the offset method [15] on the isothermal transformation dilatometry curves. Maximum volume changes from complete transformations at various holding temperatures were measured by the gradients of the austenite and ferrite segments on the continuous cooling curve. The measured TTT diagram shows good match with the calculation using MUCG algorithm [16] except the delaying of allotriomorphic ferrite transformation, because the program does not consider the effect of Nb microalloying on hardenability, details of which are discussed elsewhere. [17] At 1023 K (750°C), no transformation took place during the 1-hour holding time. The slight expansion shown in Figure 2 (a) is possibly from thermal or measurement fluctuations. The sample remained fully austenitic, and transformation occurred subsequent to quenching at 839 K (566°C) (Figure 2(b) ). It is similar to the transformation-start temperature of the sample continuously cooled at the same rate without isothermal holding. This confirms that no transformation occurs during the holding at 1023 K (750°C); otherwise, the transformation-start temperature during cooling would decrease because of the carbon enrichment in the remaining austenite. The resultant microstructure is a mixture of bainite, a b and martensite, a¢-examples of which are annotated in Figure 3 . At 973 K and 923 K (700°C and 650°C), the steel transformed into allotriomorphic ferrite during the 1-hour holding period with the consequence that the residual austenite becomes enriched in carbon, to subsequently transform into martensite on quenching, Figures 3(b) and (c) . This is consistent with the dilatometric data, Figure 2 . The hardness of the martensite in the sample transformed isothermally at 923 K (650°C) is 565 ± 66 HV, which is much harder than that in the sample similarly transformed at 973 K (700°C), which is 388 ± 59 HV. This is because more ferrite forms at 923 K (650°C), thus causing a greater enrichment of the smaller quantity of residual austenite, so that harder martensite is produced on quenching. The hardness of the ferrite was similar in both samples at 183 ± 17 HV.
The transformation in the temperature range from 773 K to 923 K (500°C to 650°C) is identified with bainite ( Figure 1 ), as will be confirmed by the experiments reported later in the article. 87 and 90 vol pct of the materials transformed after holding for 1 hour at 873 K and 823 K (600°C and 550°C), respectively, measured by the isothermal dilatometry curves, which match the amounts of bainite formed when the carbon content of the remaining austenite reaches T 0 calculated using MUCG algorithm. [16] The beginning of the transformation was rapid, almost coinciding with the point where the isothermal temperatures were reached, as shown in Figure 4 (a). The plate-like structure, which is characteristic of bainite, is more prominent in the sample isothermally transformed at the lower temperature of 823 K (550°C). It is similar to the bainite region in the sample quenched from 1023 K (750°C) (cf. Figures 4(c) and 3(a) ). The martensite-start temperature (M S ) is 738 K (465°C) calculated using MUCG program. [16] It became impossible for the available equipment to cool the sample down fast enough to prevent the transformation from taking place as the holding temperature approached the M S , and so the isothermal heat treatment at temperatures less than 823 K (550°C) was not performed. During quenching from 1023 K (750°C), the steel transformed in the temperature range between 839 K and 708 K (566°C and 435°C) (Figure 2(b) ), leading to a mixture of bainite and martensite structures, which is consistent with the TTT diagram.
A clear plate-like structure was also obtained by isothermal transformation at 873 K (600°C) for only 30 seconds as shown in Figure 5 , which represents the early stage of the bainite transformation. The martensite due to the decomposition of the residual austenite upon cooling is revealed in Figure 5 (c). Transmission electron microscopy confirmed the thin-plate morphology of the bainitic ferrite plates with even thinner austenite films appearing in between, Figure 6 . The presence of austenite was established by electron diffraction and darkfield imaging, and the observations showed that the structure that forms is free from cementite precipitates in the early stages of transformation. This is expected from the mechanism of transformation which involves Fig. 3 -Optical micrographs following isothermal transformation at a variety of temperatures for 1 h followed by quenching to room temperature. a and a' represent allotriomorphic ferrite and martensite, respectively, as described in Table I the partitioning of carbon from supersaturated ferrite, with cementite precipitation being a secondary stage. [18] The microstructure illustrated in Figure 6 is properly described as carbide-free bainite, as frequently observed in silicon-or aluminum-rich steels. [19] Solutes like silicon, which have negligible solubility in cementite, [20, 21] retard its formation as described elsewhere, [22] thus leaving a structure with just bainitic ferrite and carbon-enriched retained austenite. However, the concentration of silicon required in such steels is of the order of 1 wt pct or more, whereas the current alloy contains very little silicon, and so it is expected that the precipitation of cementite should occur with prolonged holding at the isothermal transformation temperature. Consistent with this, an increase in the isothermal holding time to 1 hour resulted in the expected changes as illustrated in Figure 7 , with the austenite films decomposing to allow some of the bainitic ferrite plates to merge with the vestiges of the original boundaries identified by the minute particles of cementite highlighted in the dark-field image. It is important to note that the carbide particles are incredibly small because the total carbon concentration of the alloy is only 0.05 wt pct. Otherwise, the formation of coarse cementite particles due to the decomposition of the austenite is known to be detrimental to toughness as in classical upper bainite in higher carbon steels. [23] The displacements caused by the transformation strains associated with the growth of bainitic ferrite were measured using atomic force microscopy, since optical interference techniques do not have the resolution necessary to characterize individual platelets, as opposed to sheaves of bainite plates. The cleaned and polished sample was austenitized in the thermomechanical simulator in a vacuum environment. The dilatometric curve of the heat treatment is shown in Figure 8 . The transformation happened between 773 K and 873 K (500°C and 600°C) which is in the bainite transformation region of the TTT diagram (Figure 1 ). Continuous cooling is essentially involved in industrial thermomechanical processing of the linepipe steel. Although deformation was not applied in the current study, the temperature region for bainite transformation in the X80 HTP steel is consistent with the results obtained from deformed steel sample with similar composition. [2, [24] [25] [26] The tip of the atomic force microscope was set to scan in a direction approximately perpendicular to the length of the bainite plates as shown in Figure 9 (a). Figure 9(b) shows the three-dimensional representation of the area scanned. The line scan, Figure 9 (c), shows that the relief caused by transformation involves a shear (invariantplane strain) associated with the bainitic ferrite and some plastic relaxation of the adjacent austenite, as has been observed previously. [27, 28] The basic theory has been described elsewhere, [27, 28] but since the orientation of the habit plane relative to the free surface is not determined, a shear must be labeled as an apparent shear component s a . The true shear s is only measured when the plate is normal to the free surface, so that s ‡ s a . The measured values of s a are summarized in Table III . The largest observed value of s a will be the closest to the true value s, and so it can be concluded that s ‡ 0.24, which is a result close to the values reported from the earlier research on bainite. [27, 29] There are two conclusions to be drawn from these observations. First, the microstructure obtained is legitimately defined as displacive, leading to shape deformation which determines the plate shape of the bainite, and second, there can be no partitioning of substitutional solutes during the formation of the microstructure so that the role of alloying elements of this kind is simply to influence the thermodynamic stability of the austenite.
It is not reasonable to describe the microstructure of the X80 steel studied here as ''acicular ferrite,'' which transforms in the temperature range between 773 K and 923 K (500°C and 650°C), because the transformation product is not acicular, or is its nucleation stimulated on nonmetallic inclusions which cause the overall morphology to change from parallel platelets to plates originating in a star formation from point sites.
IV. CONCLUSIONS
A series of experiments of the current study have led us to the conclusion that the microstructure of a lowcarbon, high-niobium X80 linepipe steel consists of bainite. The phase forms over a temperature range from 773 K to 923 K (500°C to 650°C), initially in the form of thin plates which are separated by fine films of carbon-enriched retained austenite, although the latter then decomposes, leading to the coalescence of adjacent bainitic ferrite platelets and the precipitation of incredibly small cementite particles at the original location of the austenite.
The growth of the bainite platelets causes an IPS shape deformation which has a shear component of at least 0.24. This means that the transformation morphology is strain energy dominated, and because of this, the bainite forms as thin plates, with thickness being only about 0.2 lm. Furthermore, since the bainite forms at temperatures where the austenite is likely to have a yield strength less than 140 MPa, [30] the shape deformation due to bainite formation can not be elastically accommodated, and hence causes plastic relaxation of the adjacent austenite. This in turn is a major microstructural refinement mechanism since the debris created by the plasticity of the austenite limits the length of the bainite plates. [31] Given that the mechanism of transformation has been revealed over the critical range of transformation temperatures, one can interpret the development of microstructure during continuous cooling if the transformation temperatures can be monitored either directly or via recalescence effects in cooling curves. 
